The hypothesis that biodegradable surfactants stimulate the attachment of biodegradation-competent bacteria to surfaces has been re-evaluated using a variant of the surfactant-degrading bacterium Pseudomonas sp. DESl designated Pseudomonas sp. DES2. This variant was identical to the parental strain in terms of its carbon-utilization patterns and alcohol dehydrogenase and alkylsulfatase complements (enzymes involved in surfactant biodegradation), but differed markedly in its growth characteristics when using sodium dodecyl triethoxysulfate or triethylene glycol dodecyl ether as secondary carbon sources. Pseudomonas sp. DESl exhibited diauxie in these surfactant-based culture media in contrast to Pseudomonas sp. DES2, which exhibited single-phase growth. Pseudomonas sp. DES2 did not attach to river sediment in a microcosm system when challenged with a dose of either surfactant, although it did biodegrade the substrate. In contrast, Pseudomonas sp. DESl attached to the river sediment whilst biodegrading the test substrate. It is concluded that the ether-scission system, which is responsible for primary biodegradation of both substrates, is deregulated in Pseudomonas sp. DES2 in contrast to that in Pseudomonas sp. DESI, and that, contrary to a previous hypothesis, biodegradable surfactants do not necessarily stimulate the attachment of biodegradation-competent bacteria during their biodegradation.
INTRODUCTION
Surface-associated (biofilm) heterotrophic bacteria are important in riverine systems in terms of both their numbers and their overall metabolic (e.g. biodegradative) activity (Zobell, 1943 ; Geesey et al., 1978 ; Costerton, 1984; Fletcher, 1991; Holm et al., 1992) . The advantages to bacteria of becoming surface-associated in a turbulent system such as a river include protection from shear forces (Verran & Taylor, 1995), increased t Present address: Research School o f Biosciences, The University, Canterbury, Kent (32 7N1, UK. *Present address: Microbiology Laboratories, Department of Biological Sciences, Wye College, University of London, Wye, Ashford, Kent TN25 5AH, UK.
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exposure to accumulated carbon (Fletcher, 1991 ; Stotzky, 1985) and the possibility of synergistic relationships between different species (Wolfaardt et al., 1994) .
Surface-associated bacteria are important in the biodegradation of hydrophobic organic pollutants, including naphthalene and benzene (Holm et al., 1992) and surfactants (White et al., 1985 ; Anderson et al., 1988 ; Russell et al., 1991 ; Marchesi, 1992) . Surfactants are a class of xenobiotics which, due to their chemical nature, accumulate at interfaces including the solid/liquid interface, such as that which occurs on the surface of stones and sediment particles in rivers. Surfactants may present as aquatic pollutants, following their use in a variety of applications including domestic and industrial detergents and in agrochemical sprays. Predictions based on amounts of surfactant consumed per capita in the USA, and direct measurements of sewage treatment plant influents, indicated that concentrations of anionic surfactants in waste water are typically in the IP: 54.70.40.11
On: Sun, 16 Dec 2018 17:36:00 S. A. O W E N a n d OTHERS 1-10 p.p.m. range (Fendinger et al., 1994) . Although waste water treatment plants reduce this concentration markedly (typically to the 1-10 p.p.b. range), direct discharge of untreated waste water to rivers, and direct entry of surfactants to ground water, e.g. via agrochemical sprays, can lead to significant local concentrations in surface and groundwater. Similar concentrations have been detected in the UK, i.e. 4-24 p.p.m. in raw sewage and 0-014.1 p.p.m. in river waters (TCDE, 1994) . Levels of 1-25 mg surfactant per kg of sediment have also been recorded (Ladle et al., 1989) .
Previous studies of a polluted South Wales river have shown that the epilithic population at a surfactantpolluted site (by a sewage outfall pipe) contained a higher percentage of alkylsulfatase-containing bacteria compared with the epilithic population at other sites or the planktonic populations at all points in the river : the alkylsulfatase capability of the epilithic populations was relatively stable, since the enzymes were generally constitutive, so the population was equipped to deal with pulsed doses of SDS (Anderson et al., 1988; White et al., 1989) . The epilithon from river-exposed slates was resuspended in buffer for in vitro investigations using die-away tests. A reduction in the half-time of SDS biodegradation by resuspended epilithon after increasing exposure times of slates placed at a polluted site was found to be due to increasing cell numbers (Russell et al., 1991) , with the majority of the competent bacteria containing constitutive enzymes (Anderson et al., 1988 ; White et al., 1985) . Subsequent laboratory studies utilized a river microcosm to investigate the population dynamics of mixed cultures of indigenous bacteria and axenic cultures of surfactant biodegraders upon exposure to alkyl sulfate surfactants. The biodegradable members of this class of surfactants (including SDS), but not some non-biodegrada ble analogues, were found to stimulate the attachment of both mixed and pure cultures of bacteria to a natural river sediment, the attachment response ending when the surfactant had been fully biodegraded (Marchesi et al., 1991b (Marchesi et al., , 1994a . Irreversibility of adhesion has already been noted not to be a pre-requisite for bacterial scavenging of surfaceassociated nutrients (Kefford et al., 1982 ; Hermansson & Marshall, 1985) . The attachment response coincided with both the production of dodecan-1-01, the primary metabolite of SDS biodegradation (Marchesi et al., 1994a) , and an increase in the bacterial surface hydrophobicity (Marchesi et al., 1994b) ; cell hydrophobicity could also be increased by the direct addition of dodecan-1-01 (Marchesi et al., 1994b) .
The central involvement of dodecan-1-01 production, rather than the parent surfactant per se in mediating the attachment response, raised the possibility that other surfactants yielding long-chain alcohols as biodegradation intermediates might give rise to similar effects. Alcohol ethoxylates and alkyl ethoxysulfates contain long-chain alcohols ether-linked to PEG moieties, and scission of the ether bonds within PEG, and between the PEG and alkyl chain, are known to be major contributors to biodegradation in pure and mixed cultures (White, 1993 (White, , 1995 . For example, Pseudomonas sp. DESl degrades dodecyl triethoxysulfate by cleaving each of the three ether bonds including the dodecyl ether bond (Hales et al., 1982) . During an initial study to investigate the sediment-attachment response of Pseudomonas sp. DESl to additions of alcohol ethoxylate surfactants, a new strain designated Pseudomonas sp.
DES2 emerged with modified surfactant-degrading properties. The present paper provides comparative data on the biodegradation of surfactants (including alkyl ethoxysulfate and alkyl ethoxylate types) by these strains, and throws further light on the relationship between surfactant biodegradation and sediment attachment, leading to a re-evaluation of the hypothesis that biodegradable surfactants stimulate surface attachment of biodegradation-competent bacteria.
METHODS

Materials.
Triethylene glycol dodecyl ether [C,,(EO),] was purchased from Nikkol Chemical Company and was sulfated by direct reaction with chlorosulfonic acid to produce sodium dodecyl triethoxysulfate (SDTES) according to the method of Hales (1981) . Nucleopore filters were obtained from Costar. Methylene blue dye was purchased from Eastman Kodak and nutrient agar and nutrient broth were supplied by Difco. All other reagents were of AnalaR grade from either Merck (BDH), Fisons or Sigma.
Bacterial strains. The bacterial strains used in this study were Pseudornonas sp. DESl (NCIMB11753) and Pseudornonas sp. DES2. The former was isolated originally from activated sIudge effluent for its ability to degrade SDTES (Hales, 1981) . The latter was obtained as a sub-clone of Pseudomonas sp. DES1, distinguishable by the fact that it had different growth characteristics on defined minimal medium (see below) and that it was not stimulated to attach to river sediment by biodegradable surfactants. These differences form the basis of the results presented in this paper.
Strain identification. The Biolog method for bacterial identification was used. This methodology combines 96-well microtitre plate technology with tetrazolium dye reduction chemistry to provide a rapid means of assessing ability to catabolize 95 different organic substrates.
The Biolog software compares the pattern of positive and negative well reactions (and ignores borderlines) with those for known isolates in the database and generates either a genus, a species or no identification on the basis of a similarity value. A similarity value of >050 is needed to give species identification on the basis of 24 h plate readings and a similarity value of >Om75 is needed with 4 h plate readings.
Preparation of cell extracts for PAGE studies. Pseudomonas spp. DESl and DES2 were cultured in media containing either yeast extract alone, or yeast extract plus sodium nonyl sulfate (SNS), an SDS homologue, soluble in basal salts, or yeast extract plus SDTES, at 30 "C and 150 r.p.m. until the midexponential phase of growth was reached. The cultures were harvested at 4 "C at 8720 gav, for 10 min. Cells were washed once with Milli-Q water and recentrifuged before finally being resuspended in 10 ml basal salts. The resulting suspension was passed twice through a French pressure cell (American Instrument Co.) operated at 126 MPa. The bacterial extract was centrifuged at 4 "C at 32526 gav, for 20 min and the supernatant retained. (v/v) methanol. Gels were stained for alcohol dehydrogenase (ADH) activity using a stain containing 0-03 g nitro blue tetrazolium, 0.03 g NAD+, 0.005 g phenazine methosulfate and 0.019g dodecan-1-01 in 100ml water. A control dehydrogenase (' no dehydrogenase ') stain was also used which contained the same ingredients as the ADH stain except that the dodecan-1-01 was omitted. Each gel was repeated once for confirmation.
Gel zymography of alkylsulfatases.
A modification of the technique employed by Hales (1981) was used to determine the sulfatase complement of Pseudomonas spp. DESl and DES2 with respect to three sulfate esters, namely the primary alkyl sulfate SDS, the secondary alkyl sulfate undecyl-2-sulfate and the alkyl ethoxysulfate SDTES.
Polyacrylamide gel (7.1%, w/v) was used in the form of 4 mm x 70 mm rods in open-ended glass tubes fitted in an electrophoresis tank. A sample (0-05-0.10 ml) of cell extract supplemented with Bromophenol blue was applied to the top of duplicate gels and the gels were developed with a current of 2 mA per gel. When the tracker dye was approximately 5 mm from the bottom of the gel the electrophoresis was stopped and the gels were removed from the glass tubes and transferred to staining solutions.
Three activity stains were employed: 20 mM SDS, 20 mM undecyl-2-sulfate or 20 mM SDTES plus 20 mM BaCl,, each prepared in 20 mM Tris/HCl pH 7-8.
Sulfatase action on the primary and secondary alkyl sulfates led to the production of insoluble droplets of alcohol which appeared as opaque white bands in the gels. The alkyl ethoxylate produced by sulfatase action on SDTES is more soluble than the alcohols produced from SDS and undecyl-2-sulfate; therefore, BaC1, was included in this stain to give insoluble BaSO, as a visible product of sulfatase action. Cultures were inoculated from a starter culture prepared in the same medium. Stock cultures were maintained on solid SDTES medium. Experiments were repeated once for confirmation.
Methylene blue active substance (MBAS) assay. This assay for the determination of the concentrations of anionic surfactants is based on complex formation between the cationic dye methylene blue and the anionic surfactant. This complex, unlike the parent dye, is soluble in chloroform and the extent of complex formation is measured colorimetrically. The method of Hayashi (1975) as modified by Thomas (1987) was used. Samples were assayed in duplicate.
Analysis of long-chain alcohols. Long-chain alcohols, including dodecan-1-01, were analysed by GLC using a PerkinElmer F-33 gas chromatograph equipped with a 2 m x 3 mm (internal diameter) column packed with 5 % SP-2100 on 100/120 Supelcoport (Supelco). The carrier gas was dinitrogen with an inlet pressure of 207 kPa. The separation was achieved isothermally at 275 "C with the injector and detector temperatures set at 375 "C. An internal standard of octadecanol was added to the sample before it was extracted three times with 2 m l dry n-hexane (b.p. 67-70°C, dried over anhydrous Na,SO,). The hexane extract was evaporated to dryness under dinitrogen gas and resuspended in dry petroleum ether (b.p. 60-80 "C) prior to GLC analysis. The detector response was checked using authentic standards. Samples were assayed in duplicate.
Kinetic analysis. Kinetic data for biodegradation of SDTES and C,,(EO), were fitted to first-order kinetic equations using the curve-fitting features of Sigmaplot for Windows scientific graphing package (Jandel).
Mineralization of radiolabelled triethylene glycol dodecyl
ether. The method of Griffiths et al. (1987) as modified by Tidswell et al. (1996) was used to study the biodegradation of Bacterial cell pellets were washed twice by resuspending in Milli-Q water and recentrifuging as above. The final bacterial pellets were resuspended in sterile basal salts to give an optical density of 0.4 at 540 nm using a Novaspec spectrophotometer (LKB Pharmacia) and incubated at room temperature in the double vial system of Griffiths et al. (1987) which uses NaOH to trap released CO,. Cell suspension (0.5 ml) was added to a series of vials containing approx. 1 kBq [1-14C]Cl,(E0)3 and the vials were resealed immediately for incubation. At intervals vials were sacrificed by the addition of 0.5 ml 20% (w/v) trichloroacetic acid through a syringe to stop biodegradation. Each vial was left for 3 h at 37 "C to permit the transfer of 14C0, from the culture medium to the filter paper impregnated with 5 M NaOH. The reaction mixture was removed from the vial and extracted four times with 1.5 ml diethyl ether. Portions of the aqueous and ether extracts, and the filter paper, were counted in Optifluor liquid scintillation fluid (Packard) using a 1217 Rackbeta liquid scintillation counter (LKB Wallac). The experiment was repeated for confirmation.
Botany Pond sediment. The sediment used in these studies (Botany Pond sediment ; BPS) was obtained from an artificial pond (NGR 870867) at the Institute of Freshwater Ecology River Laboratory site, Wareham, Dorset. The batch of sediment designated BPS3 was prepared according to the method of Marchesi et al. (1991a) . A sediment sample was taken from the top 5 cm of the pond bottom with a mesh net and passed through a 2 mm sieve before being baked overnight at 85 "C in shallow trays. The dry sediment particles were reduced in size by percussive action (not grinding) using a pestle and mortar, and sequentially passed through sieves of IP: 54.70.40.11
On: Sun, 16 Dec 2018 17:36:00 S. A. O W E N a n d OTHERS 2.000, 0.315 and 0.125 mm mesh, the final fraction being retained. This fraction was divided into small portions and frozen at -20 "C. Before each experiment the sediment was allowed to defrost in a desiccator at room temperature before being dried to constant weight at 85 "C.
The surface area of BPS3 was determined by the BET (Brunauer, Emmett & Teller) method of analysis to be 9-13 m2 8-l and its organic content was found to be 20.0% by weight. Similar analyses of another sediment sample prepared from the same site (Marchesi, 1992) had yielded values of 8.24 m2 8-l and 22.2% respectively.
River microcosm. Computer-controlled laboratory microcosms, as described by Marchesi et al. (1991b) , were used for the study of bacterial population dynamics between sedimentattached and free-living states. The microcosms (500 ml volume) were designed to simulate the zone of turbulence just above the stream bed, where fine particles are suspended. The vessels were stirred at 600 r.p.m. to ensure that there was no settling of the sediment (1 mg sediment ml-l) and hence give a constant bias at the depth of the sampling tube. A temperature of 25 "C was chosen for practical convenience and because it is also the standard temperature used for physico-chemical analyses. Although this temperature is above that normally found in riverine ecosystems, the bacteria which are active at 10 "C are likely to be active at 25 "C (Russell, 1990) .
Pseudomonas spp. DESl and DES2 were cultured, and washed bacterial cell suspensions prepared as described above. A portion of the suspension was diluted to determine the density of bacterial cells present using epifluorescence microscopy before a small volume of the suspension (typically less than 5 ml) was added to the microcosm to give a starting density of 2 x 106 bacteria ml-'.
Epifluorescence microscopy was used to perform direct counting of bacteria using the method of Clarke & Joint (1986) . The appropriate calculations to determine the ratio of sediment attached/free-living bacteria and the cell numbers were made using a computer program as detailed by Marchesi (1992) . The mean values of attached and suspended numbers of bacteria in 10 fields of view for each sample were calculated and the 95 '/o (2 x SEM) confidence intervals determined and plotted. The collected data were tested to check if the distribution was Gaussian and then the Student's t-test was applied to check for statistically significant changes. Each experiment was repeated once for confirmation and a representative result is depicted by Figs 5(a, b), 6(a, b) and 7(a, b) .
RESULTS A N D DISCUSSION
Bacterial identification
T h e Biolog system was used to identify the bacterial strains, a n d also as a method of comparing their catabolic capabilities. T h e results showed that both bacterial species were identifiable with Pseudomonas nitroreducens, having similarity values of 0.822 for Pseudomonas sp. DESl a n d 0.834 for Pseudomonas sp. DES2. Therefore, the t w o strains a r e in all likelihood variants of the same organism. T h e only catabolic difference between the strains was in the lack of utilization of D-fructose by Pseudomonas sp. DES1. In the Biolog database neither of the D-fructose microtitre plate wells (positive for Pseudomonas sp. DES2 a n d negative for Pseudomonas sp. DES1) w a s highlighted a s failing to match the P. nitroreducens best-match pattern. Therefore, this well was scored as being borderline for P. nitroreducens in the database, a n d is thus a n unsuitable discriminator. This fact strengthens the conclusion t h a t Pseudomonas sp. DESl a n d Pseudomonas sp. DES2 are variants of the same organism.
Analysis of proteins and enzymes
Native PAGE of the soluble proteins of Pseudomonas spp. DESl a n d DES2 showed that many bands are common to both strains, supporting the notion that these a r e variants of the same organism. However, there are also some differences which may be grouped into three categories. Firstly, in region (a) (Fig. 1 , lanes 1 and 2) for cells grown o n yeast extract there a r e differences in the electrophoretic mobility of proteins from the t w o strains, a n d these differences persisted when cells were grown o n SNS a n d SDTES, with possibly the production of a new slow band in Pseudomonas sp. DES2 (lanes 4 a n d 6). Secondly, in region (d), bands already present in yeast-extract-grown cells (both strains, lanes 1 a n d 2) were intensified by growth o n SNS (lanes 3 a n d 4).
Similarly, in region (e), bands in yeast-extract-grown cells were intensified by growth o n SDTES (lanes 5 a n d 4 and 6) . Thus the strains may show many similarities, and also some differences, in constitutive proteins and in the regulation of synthesis of other proteins. However, it is not known which if any of these differences are related to enzymes involved in the surfactant biodegradation process. T o this end, gel zymography was performed and the resulting gels stained for ADH and with Coomassie brilliant blue as a measure of protein loading. The results of these experiments (not shown) determined that one ADH enzyme active against dodecan-1-01 (a biodegradation intermediate of all the surfactants studied; Griffiths et al., 1987) was present in both strains regardless of the growth medium (yeast extract, SNS/yeast extract or SDTES/yeast extract) used (Owen, 1995) . The apparently constitutive nature of this enzyme is unsurprising because it would be involved in routine cellular metabolism converting alcohols to aldehydes.
Gel zymography was also performed on the same soluble cell extracts of the two strains cultured on yeast-extract medium, SNS/yeast-extract medium or SDTES/yeastextract medium to assess the sulfatase activities of the two isolates against SDS (a primary alkyl sulfate), SDTES (a primary alkyl ethoxysulfate) and undecyl-2-sulfate (a secondary alkyl sulfate). The results for each activity stain and growth substrate are based on duplicate gels (Table 1 ). The band patterns were the same for each strain, i.e. one constitutive and one inducible (by SNS) secondary alkylsulfatase, and two primary alkylsulfatases both inducible by SNS or SDTES. No alkyl ethoxysulfatase activity was detected. Thus, no differences in the alkylsulfatase complements of Pseudomonas spp. DESl and DES2 were apparent and therefore the basis of the distinction between the two strains could not be formed.
Growth characteristics in surfactant-based media
A third class of enzymes, which is involved in the metabolism of the ethoxy-unit-containing surfactants, is made up of the ether-scission enzymes. Analysis of the growth characteristics of Pseudomonas spp. DESl and DES2 on various ethoxylated surfactants was undertaken to reveal differences in their metabolic activities towards these substrates. T o validate this approach, the growth characteristics of each strain on SNS were compared with enzymological data that had already been obtained, i.e. to confirm that the strains were identical with respect to their alkylsulfatase and alcohol dehydrogenase complements, which are the two enzyme types involved in SNS degradation. Therefore, it was expected that the two strains would show identical growth characteristics on SNS and this proved to be the case (Fig. 2a) . There was no interruption of growth or change in growth rate of the strains in SNS medium. Therefore, the enzymes involved in SNS utilization are not catabolite-repressed by the yeast extract, present in the medium, a n d this observation is consistent with the gel zymographic data. Thus, it was considered a valid approach to use growth studies to investigate enzymatic . ... .
capabilities.
For the simplest ethoxylated surfactant, C,,EO, the growth of the two strains was found to be identical on C,,EO/yeast-extract medium, although each growth curve showed indications of being biphasic (Fig. 2b) .
There was no cessation of growth between the phases, only a slowing of the growth rate from p = 0.88 h-l to p = 0.16 h-l after approx. 5 h. These results indicate that the enzymes involved in the biodegradation of the simplest ethoxylated surfactant studied were identical in the two bacterial strains. However, their growth characteristics on the triethoxylated surfactants SDTES and C,,(EO), differed markedly.
The growth of Pseudomonas sp. DESl was biphasic on the SDTES/yeast-extract medium, the first phase of growth being on the yeast extract and the second phase of growth on the surfactant (Fig. 2c, open symbols) . Similar results were obtained for the C,,(EO),/yeastextract medium (Fig. 2d, open symbols) . However, the growth of Pseudomonas sp. DES2 was not biphasic on either the SDTES-or C,,(EO),-containing media, no lag being seen between growth on the yeast extract and growth on the surfactant (Fig. 2c, d , closed symbols).
The growth and substrate utilization of Pseudomonas sp. DESl on SDTES and C,,(EO), were slower than those for Pseudomonas sp. DES2 (Fig. 2c-f) . Pseudomonas sp. DES2 had a shorter lag period before substrate utilization began compared with Pseudomonas sp. DESl (Fig. 2e, f) it was evident that biodegradation of C,,(EO), by Pseudornonas sp. DES2 was almost completed after 15 h, whereas the biodegradation of C,,(EO), by Pseudomonas sp. DESl was insignificant at this time and was not completed until 25 h (Fig. 2f) . In addition, the biodegradation of SDTES by Pseudornonas sp. DES2 started within 2 h and was complete after 13 h, whereas the biodegradation of SDTES by Pseudomonas sp. DESl began after approx. 6 h and was not completed until approx. 20 h (Fig. 2e) . Moreover, the onset of significant biodegradation by Pseudomonas sp. DESl of the two triethoxylated surfactants coincided with the second phase of growth (compare Fig. 2c , e with Fig. 2d, f) .
The difference in growth kinetics of the two bacterial strains on SDTES and C,,(EO), is interpreted as indicating that growth (and thus ether-cleavage of SDTES) in Pseudornonas sp. DESl is repressed by preferred nutrients in the yeast extract, whereas in Pseudomonas sp. DES2 such repression is absent. This conclusion is strengthened by data on [ 1-14C]C,,(E0)3 mineralization, which indicated that Pseudomonas sp.
DES2 has higher ether-scission activity as it converted 13 '/o of the total radioactivity in the substrate to 14C02 after 180 min, compared with only 7 % conversion to 14C02 by Pseudomonas sp. DESl (Fig. 3 ) . This rate differential was repeatable in a second experiment (13-5 % and 21-5 % conversion to 14C02 over 180 min by Pseudomonas spp. DESl and DES2 respectively).
The original strain Pseudomonas sp. DESl produced different growth patterns on C12E0 and C!,(EO), (Fig.   2b, d ) , indicating that different ether-scission enzymes may be involved in the cleavage of C12E0 and its higher homologues. Recent work in our laboratory (White et al., 1997) has shown precisely this situation in Pseudomonas sp. SC25A in which the mechanism of dodecylether scission of C12E0 is quite distinct from that for higher ethoxamers, so presumably different ether-cleaving enzymes are involved. Thus it is concluded that Pseudomonas sp. DESl and Pseudomonas sp. DES2 differ significantly in their ability to biodegrade, and grow on, alkyl polyethoxylate and alkyl polyethoxysulfate surfactants, and that the differences are probably attributable to differences in the regulation of enzyme (ether-cleaving) production.
Sediment attachment and surfactant biodegradation
Besides the surfactant biodegradation capabilities of the two strains being different, they also display different sediment-attachment behaviour in a river-sediment microcosm. When Pseudomonas sp. DESl was cultured on SDTES (Fig. 4a) or C12(EO), (results not shown) the initial ratio of sediment-attached to free-living bacteria was approximately 0.5 and this was maintained for 34 h in the microcosm. In contrast, when Pseudomonas sp.
DES2 was cultured on C12(EO), (Fig. 4c) it was very adherent initially (ratio of sediment-attached/free-living bacteria of 5-8) although this adherence was lost within 1-2 h (Fig. 4c) . When cultured on nutrient broth, Pseudomonas sp. DES2 was only slightly adherent (time zero ratio of <2, results not shown), as was the case when cultured on SDTES (Fig. 4b) . As the bacteria were cultured on the surfactant to be tested in the river microcosm it was important that any effects of the exogenously added test surfactant could be differentiated from the effects of the cultural conditions just described. T o allow any effects of added surfactant to be observable, experiments involving Pseudomonas sp.
DES2 and C12(EO), were allowed to proceed for 6 h before the addition of the test surfactant to allow a stable base-line ratio of sediment-attached/free-living bacteria to be attained. Pseudomonas sp. DES1, the ratio of sediment-attached/ free-living bacteria increased about 10-fold to a peak at 11.5 h, just after the maximal rate of biodegradation was observed (Fig. 5a, c) , before returning to the pre-addition levels by 16 h when most of the surfactant had been (primary) biodegraded. A similar result was observed when 30 p.p.m. C12(EO), was added to the river microcosm containing BPS3 and Pseudomonas sp. DES1, a peak in attachment being observed at 4-5 h, returning to pre-addition levels by 9 h (Fig. 6a, c) . In contrast, the addition of SDTES or C12(EO), to river microcosms containing BPS3 and Pseudomonas sp.
DES2 did not stimulate an increase in the ratio of sediment-attached/free-living bacteria, although biodegradation of the test surfactant occurred in both cases (compare Fig. 5b, d with Fig. 6b, d ). This result was unexpected because previous work with the related anionic surfactant SDS had indicated that biodegradation-competent strains of bacteria were stimulated to attach to sediment only in the presence of the biodegradable surfactant, whereas non-degraders were unaffected by the presence of a test surfactant (Marchesi, 1992; Marchesi et al., 1991b) . An increase in the ratio of sediment-attached/free-living bacteria within the enclosed confines of the microcosm could be due to a movement of bacteria from the planktonic state to the surface-attached environment, or to growth and division of surface-attached bacteria, or a combination of both events. By making direct bacterial counts using epifluorescence microscopy, it was shown that when 20p.p.m. SDTES was added to the river microcosm containing BPS3 and Pseudomonas sp. DESl there was initially a marked increase in numbers of attached but not free cells (0-11 h, Fig. 7a ). This situation could arise either by growth of the attached population in situ on the sediment or by planktonic growth followed by immediate attachment, both possibilities being supported by the findings of Marshall (1988) , who observed bacterial division at a surface followed by migration and release of cells just prior to division followed by a return to the surface if conditions were still favourable. After 12 h, there is clearly a detachment from sediment to the planktonic state. Additionally, there is continued growth of the overall population, but whether this is growth of the planktonic cells or growth-plus-sloughing of attached cells is not discernible. Whatever the dynamics, the attached population became the dominant compartment over the free cells during surfactant biodegradation, but this state was transient and eventually completely reversed. In contrast, following the addition of 20 p.p.m. SDTES to the river microcosm containing BPS3 and Pseudomonas sp. DES2, there was little change in the sedimentattached population, but an increase in the free-living population, which accounted for the increase in the total population (Fig. 7b) .
Sediment-attachment hypothesis -a revisitation
Our previous work had led to the hypothesis that by increasing cell-surface hydrophobicity, dodecan-1-01, a product of the surfactant biodegradation, was the causative agent of bacterial attachment (Marchesi et al., 1991b) . Hydrophobicity has been proposed as being responsible for firmer adhesion leading to more efficient scavenging of surface-localized substrate when a hydrophilic mutant was compared with the hydrophobic parent strain (Kefford et al., 1982) . Since dodecan-1-01 is also a metabolite of SDTES and C,,(EO), biodegradation, it had been expected that a similar result would be obtained with these two surfactants. That expectation was fulfilled with Pseudomonas sp. DESl but not with Pseudomonas sp. DES2. The biodegradation pathways of SDTES and C,,(EO), are more complex than SDS, with many more primary metabolites being produced, possibly including long-chain alcohols, aldehydes and carboxylic acids (Hales et al., 1986; Griffiths et al., 1987) . Only 13 % of the primary biodegradation of SDTES by Pseudomonas sp. DESl is due to ethercleavage action at the alkyl-ether linkage (White & Russell, 1992) . Preliminary studies using [ 1-14C] C,,(EO), found evidence for the production of an aldehyde metabolite which was more transient in Pseudomonas sp. DES2 than in Pseudomonas sp. DES1.
Otherwise the metabolite patterns were the same in the two strains (Owen, 1995) . The faster, more transient production of an ether-cleavage product in Pseudomonas sp. DES2 compared with Pseudomonas sp. DESl would be consistent with deregulation of the ethercleaving enzyme system in Pseudomonas sp. DES2.
Thus the present paper has shown that, for alcohol ethoxylate and alkyl ethoxysulfate surfactants to stimulate attachment of biodegradation-competent isolates to sediments, biodegradation of the surfactant by bacteria is a necessary but not sufficient condition; the steadystate accumulation of biodegradation intermediates is an important additional determinant.
The finding that non-ionic ethoxylated surfactants can stimulate attachment of biodegradation-competent bacteria to a natural surface has implications for the area of soil remediation because they are used in several ways in the treatment of land contaminated with hydrophobic organic contaminants (HOCs) in order, it is believed, to mediate an increase in H O C bioavailability and/or microbial activity (Edwards et al., 1994) . Aronstein & Alexander (1993) found that low concentrations (10 yg ml-', i.e. 10 p.p.m.) of Novel I1 1412-56, an alkyl ethoxylate similar to the C,,(EO),, applied to the soil surface as an aqueous solution enhanced the rate and extent of phenanthrene mineralization in the sub-surface area. It also increased the extent, but not the initial rate, of biphenyl mineralization. These authors proposed that surfactants used at low levels for bioremediation in situ of HOC-contaminated soils are useful because the process is cheaper than others such as 'pump and treat ' : there would be no mobilization of the HOC into groundwater due to solubilization in micelles at high surfactant concentrations. In addition, the biodegrading population of micro-organisms would not be inhibited, as noted by Laha & Luthy (1992) . The concentrations used by Aronstein & Alexander (1993) are too low for solubilization of the H O C in micelles to occur, and the authors proposed that the stimulation of biodegradation is due to the fact that surfactants decrease the strength of S . A. O W E N a n d OTHERS binding of the H O C to the soil, thereby enabling bacteria to have access to the HOC. Earlier work by the same research group had determined that low concentrations of surfactants increased the mineralization of HOCs without appreciable surfactant-induced desorption (Aronstein et al., 1991) . The data presented in the present paper offer an alternative interpretation, namely that the presence of the (biodegradable) surfactants could serve to stimulate bacterial attachment to the soil or sediment where the H O C is sorbed, and so spatially bring together the bacteria and pollutant, thereby maximizing biodegradation. In other words, the surfactant is not just acting to release the pollutant from the soil and thus take it to the bacteria in the free-living state: it can also be considered to be taking the bacteria to the pollutant (White, 1994) .
